Abstract To better understand the physical mechanisms of slow slip events (SSEs) detected worldwide, we explore the scaling relationships of various source parameters and compare them with similar scaling laws for earthquakes. These scaling relationships highlight differences and similarities between slow slip events and earthquakes and hold implications for the degree of heterogeneity and fault-healing characteristics. The static stress drop remains constant for different-sized events as is observed for earthquakes. However, the static stress drop of slow slip events is within a range of 0.01-1.0 MPa, 1-2 orders of magnitude lower than that found for earthquakes, which could be related to the low stress state on the fault. The average rupture velocity, ranging from kilometers per second to kilometers per day, decreases linearly with increasing seismic moment in log-log space, unlike earthquakes that are nearly constant. This inverse relationship of rupture velocity with seismic moment could be related to the heterogeneity of fault properties. Slow slip events typically have ratios of event duration over dislocation rise time less than 3, while earthquakes have ratios greater than 3. This indicates that slow slip events are less pulselike than earthquakes in their mode of propagation and suggests that the healing behind the rupture front is delayed. The recurrence statistics of slow slip events on the northern Cascadia subduction zone are weakly time predictable and moderately antislip predictable (that is, the event size and preevent recurrence interval are anticorrelated), which may indicate that healing between events strengthens the fault with time.
Introduction
In the last decade, a new mode of faulting, referred to as slow slip events (SSEs), has been detected on many of the world's subduction zones. Slow slip events, which represent the transient release of strain over the duration of days toweeks, occur downdip of the transition zone between the locked seismogenic zone and the free-slipping zone on the plate interface, and fluids are thought to be critical for its occurrence (e.g., Obara, 2002; Rogers and Dragert, 2003) . Slow earthquakes have also been reported in other tectonic environments such as the San Andreas fault (Linde et al., 1996) and Hawaii (Segall et al., 2006; Montgomery-Brown et al., 2009) . Although several hypotheses have been proposed to explain these events (e.g., Ito et al., 2007; Schwartz and Rokosky, 2007; Brodsky and Mori, 2007; Ide, 2008; Liu and Rice, 2009; Ando et al., 2010; Hawthorne and Rubin, 2010; Ide, 2010; Liu and Rubin, 2010; Peng and Gomberg, 2010; Shibazaki et al., 2010) , the physical mechanisms are still not fully understood.
A source parameter scaling law is an empirical relationship between source parameters (e.g., fault dimensions, seismic energy, and stress drop) that is not explicitly predicted by theory. The empirical scaling relationships of earthquake source parameters provide important insights and constraints on the dynamics of earthquake rupture. The scaling of source parameters has established several widely accepted characteristics of the faulting process, such as the independence of static stress drop on earthquake size (Kanamori and Anderson, 1975) and the propagation of rupture in a pulselike manner (Heaton, 1990 ) with a nearly constant rupture velocity (Geller, 1976) . Ide et al. (2007) was the first work to explore the source scaling of SSEs. They proposed a general logarithmic scaling law of seismic moment M 0 and event duration T for SSEs where M 0 ∼ T, which is different than the M 0 ∼ T 3 relationship observed for earthquakes (Furumoto and Nakanihshi, 1983; Houston, 2001) . This implies that to release a similar amount of energy, SSEs need a much longer rupture duration than earthquakes. This difference in the scaling prompted Ide et al. (2007) to describe slow slip, tremor, and lowfrequency earthquakes as representing a unique physical process distinct from that of earthquakes. Schwartz and Rokosky (2007) also noted the distinct moment-duration *Now at the Seismology Laboratory, University of Rhode Island. relationship of SSEs. Peng and Gomberg (2010) found that SSEs follow the same general trend, but other aseismic slip processes (including afterslip, earthquake swarms, and landslides) fill out a broader continuum in the moment-duration parameter space. Meade and Loveless (2009) considered the scaling law for the average particle velocity versus moment. Obara (2010) explored the relationship of moment versus fault area for tremors and inferred a static stress drop less than 0.1 MPa. Finally, Brodsky and Mori (2007) examined the relationship between fault slip, rupture length, and duration for creep events versus earthquakes. They suggested that significant strength heterogeneity and dynamic overshoot for seismogenic faults may explain the higher stress drops for earthquakes when compared to aseismic slip events.
In this work, we expand on the scaling behavior of SSEs in order to provide important insights about the faulting processes. Taking advantage of the variety and the increasing amount of SSEs detected on subduction zones, our major goal of this study is to evaluate the scaling relationships between several sets of source parameters including seismic moment versus rupture area, event duration, average rupture velocity, and recurrence interval, respectively. We also explore the relationship of fault length versus fault width and event duration versus rise time. These source parameter comparisons define the general relationships applicable to most SSEs and help us better constrain the rupture dynamics of this phenomenon, while also providing basic constraints for numerical models. Meanwhile, our findings help to illustrate the similarities and differences between earthquakes and SSEs. Our study characterizes the pulselike statistics of SSEs and tests the recurrence behavior of events in Cascadia.
Slow Slip Data Set
We compile source parameters of worldwide SSEs to explore the scaling relationships of this phenomenon, including seismic moment M 0 , static stress drop Δσ, average fault slip D, average rupture velocity V rpt , fault dimension (rupture area A, along-strike fault length L, and downdip width W), event duration T, and dislocation rise time τ . There are two sources for the dataset used in this study: source parameters inferred directly from the slip distributions of Schmidt and Gao (2010) for the Cascadia subduction zone and source parameters reported in the literature for other subduction zones (e.g., Obara et al., 2004; Brown et al., 2005; Douglas et al., 2005; Hirose and Obara, 2005; Wallace and Beavan, 2006; Ito and Obara, 2006; Hirose and Obara, 2006; CorreaMora et al., 2008 CorreaMora et al., , 2009 Hirose and Obara, 2010; Sekine et al., 2010 ; see references in Ⓔ Table S1 , available in the electronic supplement to this paper). Additionally, we also include documented aseismic slip on the San Andreas fault (Linde et al., 1996) and Hawaii's south rift zone (Segall et al., 2006; Montgomery-Brown et al., 2009) . In this study, we attempt to focus on a specific type of slow slip phenomenon in order to ensure that we are studying a consistent underlying process. Therefore, we exclude observations of aseismic slip from processes such as afterslip, landslides, glaciers, and earthquake swarms as explored by Peng and Gomberg (2010) . All the data and references used in our analysis are listed in Ⓔ Table S1 (available in the electronic supplement to this paper).
For the Cascadia subduction zone, we use the catalog of SSEs solved by Schmidt and Gao (2010) , which we briefly describe here. Using the extended network inversion filter, Schmidt and Gao (2010) inverted the daily GPS time series and resolved the time-dependent slip distributions of the 16 largest SSEs on the Cascadia subduction zone from 1998 to 2008. We update this catalog to include two 2009 events in April and August that we solve using the same methodology. We strive to extract source parameters from the slip distributions in a systematic way while also avoiding inversion artifacts. In our analysis, we only consider fault elements where the estimated slip is greater than 0.5 cm (which is considered to be the resolution of the inversion) on three or more adjoining fault elements within the depth range of 20-50 km. The average slip D of each event (∼2-5 cm per event) is the average of the total slip accumulated on fault elements that match the criteria previously stated. The rupture length L, which ranges from 100 to 1000 kilometers, is the along-strike length following the 35-km slab depth contour. Similarly, the rupture area A is the cumulative area for all fault patches that satisfy the criteria. The total event duration T for each SSE is inferred from the starting and end dates of all GPS stations that record the transient signal in conjunction with the tremor activity. From this we infer the average rupture velocity by dividing the rupture length by the event duration, V rpt L=T. For SSEs propagating bilaterally along strike, the average rupture velocity is inferred as the average of the rupture velocities along each direction. The seismic moment is equal to M 0 μ DA with the rigidity μ 40 GPa. The source parameters of these SSEs solved on the Cascadia subduction zone focus in a narrow range of moment magnitudes (M w ∼ 6:2-6:7) with similar event durations (∼2-7 weeks), which makes it difficult to explore the general logarithmic scaling relationships of SSEs. To better address this issue, we collect published source parameters for SSEs documented at other locations. For SSEs without published rupture velocity, we estimate the average rupture velocity by dividing the inferred fault length by the duration. The duration of these SSEs varies from seconds up to years, and the rupture velocity from kilometers per day to kilometers per second. This provides a larger dynamic range to study this phenomenon, especially by including tremor sequences detected in Japan that exhibit short durations and small seismic moments but fast propagation velocities. Source parameters published for earthquakes are also collected and used as a comparison with SSEs (Kanamori and Anderson, 1975; Geller, 1976; Heaton, 1990; Wald and Heaton, 1994; Wald et al., 1996; Kanamori et al., 1998; Yagi and Kikuchi, 2000; Hernandez et al., 2001; Hwang et al., 2001; Hanks and Bakun, 2002; Baumont et al., 2002; Ji et al., 2002; Yagi, 2004; Ishii et al., 2005; Hanks and Bakun, 2008) .
In this study, we are primarily interested in the general log-log trends between different source parameters. The scatter in the data along these trends is reflective of variations in inversion methodologies, source complexities (fault geometry, rupture history, etc.), and observational uncertainties. Comparing the scaling relationships of slow slip events in Cascadia with those from other subduction zones, the source parameters for Cascadia SSEs are more consistent and well constrained. Part of the reason is that these SSEs are from the same subduction zone and are determined with a consistent methodology. Source parameters inferred from the literature are estimated with a variety of inversion methodologies by different groups, making the data more scattered. This argues for the need to develop a consistent catalog of SSEs for numerical simulations and theoretical models to be tested against. Considering the variety and complexity of the data origins used in this study, we prefer to qualify the parameter uncertainties without providing quantitative standard errors. Most GPS studies can resolve fault slip on the order of ∼1 cm, have temporal resolution on the order of days, and resolve rupture length on the order of tens-of-kilometers. The uncertainties on event duration and rise time would be similar to the temporal resolution. Thus, the uncertainty in the average rupture velocity would be ∼25% of the velocity (∼1:5 km=day in Cascadia) based on the propagation of errors. For fault area, the uncertainty would correspond to ∼2:5 orders of magnitude, while the data range over 5 orders of magnitude. The uncertainty of seismic moment and static stress drop would be less than an order of magnitude and ∼25%, respectively. Finally, some regions of the parameter space are beyond the observational capabilities of the instrumentation. For example, the GPS network in Cascadia cannot fully resolve SSEs with moment magnitudes below ∼6.
Empirical Scaling Laws of SSEs
We present and discuss each scaling law in the following subsections. In summary, the scaling laws suggest that both the aspect ratio (L=W, Fig. 1 ) and the static stress drop for SSEs are nearly constant (Fig. 2) , as found for earthquakes. However, SSEs display a different dependence of event duration and average rupture velocity with seismic moment (Figs. 3, 4) , and a much smaller ratio of event duration to dislocation rise time (Fig. 5) . The recurrence statistics of the northern Cascadia events show that the seismic moment is anticorrelated to the preevent recurrence interval (Fig. 6 ).
Fault Length versus Width
The aspect ratio of earthquakes is found to be empirically constant, L ∼ 2W, on average (Kanamori and Anderson, 1975; Geller, 1976) . This relationship has been used historically to convert between width, length, and area of the fault surface, especially in cases where the direct observation of fault dimension is limited. The data for both SSEs and earthquakes fall within a range of aspect ratios from 1 to 4 (Fig. 1) . versus fault area A, for slow slip events on subduction zones, on Hawaii's south rift zone and on the San Andreas fault (SAF). Solid lines mark constant static stress drop Δσ calculated for a rectangular fault crack (L ∼ 2W) for reference. Although there is scatter in the data, the static stress drop of slow slip events is nearly constant (0.01-1.0 MPa), 1-2 orders of magnitude lower than earthquakes (1-10 MPa). The color version of this figure is available only in the electronic edition.
For the Cascadia events, the trend is nearly flat such that the fault width is roughly constant, whereas the length extends out to ∼4 times the width of the largest events. This reflects the fact that the largest events are constrained within the downdip direction, but are allowed to propagate along strike. Therefore, the downdip source dimension may saturate for a particular geographic locality depending on the fault dip and thermal state of the downgoing slab (e.g., Ide, 2010) . Nevertheless, the aspect ratio of about 2 best describes the entire catalog of SSEs over a broad range of fault lengths. We use this scaling to derive the theoretical relationship of seismic moment versus fault area, as discussed in the next section.
Seismic Moment versus Fault Area
The relationship of seismic moment M 0 and fault area A was explored for earthquakes by Kanamori and Anderson (1975) in which LogM 0 scales with 3=2LogA. This relationship assumes that the aspect ratio of a rupture patch is independent of magnitude, which we find holds true for SSEs as well as earthquakes (Fig. 1) . By combining the assumption of constant aspect ratio and the theoretical description of the stress drop on a crack, the following relationship was derived by Kanamori and Anderson (1975) ,
(1) where C is a nondimensional factor for the fault shape. When plotted on a graph for moment and area ( fig. 2 in Kanamori and Anderson, 1975) , the data were found to follow contours of constant stress drop within the range of 1-10 MPa, and this result established the constant stress drop model for large earthquakes.
Using data available for SSEs, we plot the log-log relationship of seismic moment to rupture area, which is found to be parallel to that of earthquakes (Fig. 2) . By assuming the constant aspect ratio with equation (1) Figures 1-2 . Earthquakes have a nearly constant rupture velocity whereas slow slip events show a decreasing rupture velocity with increasing seismic moment. Only one very low-frequency earthquake (solid triangle) is available (Ito and Obara, 2006) . The solid lines denote the linear fit for short-and long-term slow slip events with durations longer than days without including the Hawaii and San Andreas fault data points. The color version of this figure is available only in the electronic edition. Figure 5 . The ratio of event duration T to rise time τ as a function of seismic moment. The ratio T=τ is expected to be 1 for an expanding crack (solid horizontal line), whereas rupture pulses have large ratios since the total duration of the event far exceeds the time for slip to accumulate at a point on the fault. The ratio of event duration to rise time is smaller for slow slip events (SSEs, solid dots, less than 3) compared to earthquakes (solid squares, greater than 3). This indicates that slow slip events are less pulselike compared to earthquakes. The color version of this figure is available only in the electronic edition.
the static stress drop for SSEs is also independent of event size and rupture area. Given a rectangular fault with L 2W, the stress drop of SSEs is within a range of 0.01-1.0 MPa, generally 1-2 orders of magnitude smaller than earthquakes. Some of the scatter in Figure 2 likely relates to uncertainty in the actual geometry of the source rupture. One possible explanation for the low stress drop would be that the effective stress is very low on the fault. Seismic observations on subduction zones where SSEs occur suggest that the pore fluid pressure is near-lithostatic Audet et al., 2009) , resulting in a very low effective normal stress. The low estimate of the effective normal stress limits the level of shear stress on the fault, which might be on the order of tens of kilopascals (e.g., Rubinstein et al., 2007; Nadeau and Guilhem, 2009 ). Thus, the stress drop during an event would be limited to a fraction of the shear stress.
Within the groups of SSEs, events on the San Andreas fault and Hawaii appear to have higher stress drops (∼0:1-1:0 MPa) than those on subduction zones (Fig. 2) . The scatter in the data and the small sample size make a robust assessment difficult. The subduction setting provides ample sources of fluid that may result in or allow for relatively high pore pressure when compared with the transform setting of the San Andreas and hotspot environment of Hawaii. Abundant fluids may facilitate low effective stress and conditionally stable behavior on subduction zones. The lack of tremor associated with shallow aseismic slip in Hawaii (Montgomery-Brown et al., 2009) and the San Andreas fault (Zhang et al., 2010) may indicate that pore pressures are not as high in these regions as on those subduction zones where nonvolcanic tremor and SSEs are colocated (Rogers and Dragert, 2003; Obara et al., 2004) . In addition to their different tectonic environments, the depths at which the events occur are strikingly different, which may be a factor. Slow slip events on the San Andreas and in Hawaii occur at depths less than 10 km, while those on subduction zones occur at depths greater than 30 km. The lower temperature and pressure at these shallow depths allow for aseismic fault slip on velocity-strengthening fault zones without the need for high pore fluid pressures (Marone et al., 1991) . Ide et al. (2007) defined a linear scaling relationship of seismic moment versus event duration for slow earthquakes as LogM 0 ∼ LogT. To explain this scaling, two models were proposed by Ide et al. (2007) : the constant stress drop model and the constant slip model. Our present study strongly supports the constant stress drop model (Fig. 2) . Here we reassess this logarithmic scaling relationship by adding data of more recent SSEs (Fig. 3) , including two slow earthquake sequences in Japan (data from Ide et al., 2008 and Sekine et al., 2010) . Note that there is a lack of observations in our dataset for seismic moment within ∼1:0e15 1:0e17 N·m corresponding to duration ranging from minutes to days. A similar analysis was performed by Schwartz and Rokosky (2007) and Peng and Gomberg (2010) , where the latter consider a broader class of aseismic phenomenon. The Cascadia SSEs, a slow earthquake sequence , and short-term SSEs (Sekine et al., 2010) all fall within the LogM 0 ∼ LogT trend. As pointed out by Ide et al. (2008) , the lower slope characteristic of data from a particular study or geographic region may represent an artifact, potentially reflecting the saturation of a fault parameter from limited observations or the methodology. preceded by longer intervals. However, the data suggests that these parameters are moderately anticorrelated. (b) The time predictable model predicts larger events to be followed by longer intervals. These parameters appear to be weakly positively correlated. The color version of this figure is available only in the electronic edition.
Seismic Moment versus Event Duration

Average Rupture Velocity versus Seismic Moment
By assuming LogM 0 ∼ nLogT (where n is the exponent) and constant static stress drop, one can infer the following general relationship, (2) Equation (2) indicates that if n is less than 3, the average rupture velocity V rpt decreases with the seismic moment, whereas if n is equal to 3, V rpt is independent of event size. For earthquakes, as shown by the empirical relation of seismic moment and event duration (Fig. 3) , n is found to be ∼3, supporting the independence of rupture velocity on seismic moment. For SSEs, n is approximately 1 as proposed , predicting a decrease in rupture velocity with an increase in event size.
Here we explore the scaling of the rupture velocity for SSEs. The rupture characteristics for SSEs and nonvolcanic tremor often exhibit complex propagation behavior, including propagation reversals to the major trend along strike, updip migration faster than the along-strike propagation, and fast-then-slow rupture pattern along strike McCausland et al., 2010; Obara, 2010; Houston et al., 2011) . In this study, we only consider the average rupture velocity, which is calculated by dividing the rupture length by the event duration. Determining the rupture velocity from tremor is more problematic. Most studies report the propagation of tremor streaks Obara, 2010) , whereas few studies have resolved the rupture velocity of an individual event (Ito and Obara, 2006) . Because of the difficulty in estimating the fault dimension and individual event duration from tremor, we focus on short-and long-term slow earthquakes (with durations longer than days, Fig. 4) .
Based on the kinematic inversions of coseismic events from strong motion records, the rupture velocity of earthquakes is nearly constant (Geller, 1976) . However, the rupture velocity of SSEs decreases with increasing seismic moment (Fig. 4 ) that follows the relationship Log V rpt ∼ 0:5 0:05LogM 0 . The data suggest a coefficient of n 1:2 0:1 for equation (2), which agrees well with n 1 (Ide et al., 2007) . The rupture velocity of slow earthquakes varies from tens-of-kilometers per day to hundreds-ofmeters per day with the seismic moment ranging from 10 14 -10 21 N·m, while being around kilometers per second for very low-frequency earthquakes (solid triangle in Fig. 4) . The one data point for very low-frequency earthquakes supports the concept that smaller events rupture faster.
Initial attempts to model slow slip events with numerical simulations did not reproduce the dependence of velocity on moment that is suggested by Figure 4 (Liu and Rice, 2009; Shibazaki et al., 2010) . However, these early models assumed a planar fault with smoothly varying fault properties. More recent models have explored alternative formulations that produce a greater diversity of slip behaviors (Ariyoshi et al., 2009; Ide, 2010; Ando et al., 2010; Nakata et al., 2011; Rubin, 2011) . Drawing upon these numerical studies on SSEs and the traditional concept of an asperity model proposed for earthquakes (e.g., Aki, 1979; Johnson and Nadeau, 2002) , we hypothesize that the dependence of velocity on magnitude could be related to the heterogeneity of fault properties on the SSE generation zone, such as the heterogeneous distribution of the pore fluid pressure, stress state, or friction. Faults that exhibit slow slip and tremor could consist of many small-sized stronger asperities surrounded by weaker regions. The asperity model for earthquakes was first extended to SSEs as a way to explain the variety of SSEs observed on subduction zones (Ito et al., 2007) .
It is proposed for earthquakes (Day, 1982) that the slip rise time is approximately W eff =2 V rpt for a long narrow fault where W eff is the effective width of asperities. If we apply this relationship to nonvolcanic tremors using the extrapolated rupture velocity and rise time, the effective asperity width is on the order of hundreds-of-meters. Alternatively, slow slip exhibits a longer rise time and slower velocity that translates into an effective asperity size of a few tens-of-kilometers. Thus, tremor may initiate and propagate along small asperities at relatively fast velocities, while large-dimension slow slip propagates along the fault surface between the asperities at a slower velocity. This interpretation of the rupture dimensions is consistent with the model of Ando et al. (2010) , in which the slow slip event covers the entire brittle-ductile transition zone and works as a trigger for low-frequency tremor on those small patches.
Rupture Duration versus Rise Time
The dislocation rise time of earthquakes is typically only 10%-20% of the event duration based on near-source observations (e.g., Beroza and Spudich, 1988; Heaton, 1990) . Two classical models have been proposed to explain the short rise time: the self-healing pulselike rupture behavior (e.g., Heaton, 1990; Beeler and Tullis, 1996) and rupture propagation along a heterogeneous fault (e.g., Boatwright, 1988; Beroza and Mikumo, 1996; Day et al., 1998) . The first model assumes that the fault could heal itself shortly after the passage of the rupture front, which allows for the rise time to remain short. The second model, however, attributes the short rise time to the heterogeneous distribution of stress drop.
To compare the rise time with rupture duration for SSEs, we focus on well-constrained events in Cascadia from Schmidt and Gao (2010) . Our time-dependent GPS inversions for slip estimate the rise times on the plate interface from 1 to 2 weeks. However, temporal smoothing in the inversion likely overestimates these values. Therefore, as a proxy, the rise time used here is the average number of days required for the surface displacement to reach 95% of the maximum displacement at each GPS station. As shown in Figure 5 , the event duration of SSEs is less than 3 times the rise time, whereas earthquakes have ratios significantly greater than 3. Numerical simulations of SSEs show that the fault continues to slip after the passage of the rupture front (e.g., fig. 8 in Liu and Rice, 2009; fig. 8 in Shibazaki et al., 2010; fig. 10 in Liu and Rubin, 2010) , consistent with the observation of a small ratio. Our finding suggests that SSEs display less pulselike behavior than earthquakes. This may indicate that slow slip faults heal themselves more slowly after the passage of the rupture front than they do for seismogenic faults, possibly because of the slow drainage of fluids from the fault zone.
Recurrence Statistics
Recurrence models have been proposed for earthquakes, for example, the time and slip predictable model (e.g., Shimazaki and Nakata, 1980; Anagnos and Kiremidjian, 1984; Shimazaki, 2002) , by assuming constant stressing rate and upper or lower stress thresholds for failure. These models provide a means to estimate the timing or size of future events, assuming that earthquakes conform to one model. For the time predictable model, the time to the next event is equal to the static stress drop released by the most recent earthquake divided by the stressing rate, which implies that a larger event requires a longer recovery time until the next one. For the slip predictable model, the fault slip released for an event is proportional to the time interval since the last event. Thus, a longer interevent period produces a larger event.
Time and slip predictable behavior is assessed by plotting the moment magnitude as a function of the recurrence interval for individual SSEs on the Cascadia subduction zone. The short and regular recurrence interval of ∼14:5 months (Miller et al., 2002) for SSEs in northern Cascadia makes this area ideal to test the recurrence behavior. Among the catalog of the Cascadia SSEs (Schmidt and Gao, 2010) , 11 are centered near the Olympic peninsula in Washington. We calculate the recurrence interval for these events by using the time interval between the starting days of successive transient signals recorded by the GPS station ALBH (latitude 48.39°S, longitude 236.51°), which has one of the best records of SSEs in the last decade. The moment and interevent periods are plotted in Figure 6a for the slip-predictable case and in Figure 6b for the time-predictable case. Based on this limited data set, we find that the seismic moment is anticorrelated to the preevent recurrence interval for each event with a R 2 of 0.48, but has a weak positive dependence on the postevent recurrence interval with an R 2 of 0.16. This suggests that SSEs in northern Cascadia are moderately antislip predictable and weakly time predictable. Some evidence suggests a similar antislip behavior for megathrust events on subduction zones (Chile in Cisternas et al., 2005 ; Sumatra in Sieh et al., 2008; Cascadia in Goldfinger et al., 2010) . While few fault or SSE data sets are available to test slip predictability, this suggests that both SSEs and earthquakes may share common recurrence characteristics, at least at some locations.
The recurrence statistics presented here for an SSE sequence in northern Cascadia have some implications about the fault healing process on the SSE generation zone. We speculate that the fault is gradually healed and strengthened with time between two sequential SSEs. The stronger the fault is at the end of the inter-SSE period, the smaller the strain release for the next event, which would explain the antislip predictable behavior we see. The weak time predictability for Cascadia SSEs is consistent with the lack of evidence for time predictability for seismogenic faults (Murray and Segall, 2002; Weldon et al., 2004) . The significance of this recurrence behavior for SSEs is unclear. But we hope to explore this more as the catalog of events grows.
Conclusions
We explore the empirical scaling relationships of SSE source parameters that provide some insight into the underlying source process of this phenomenon. We find that the static stress drop is independent of event size, consistent with that found for earthquakes. However, the strong inverse dependence of average rupture velocity on seismic moment and the smaller ratio of duration over rise time indicate that some aspects of the underlying rupture process are different between SSEs and earthquakes. The scaling laws presented here and their comparisons with earthquakes highlight the similarities and differences of these two phenomena.
Although the implications of these SSE scaling laws are still not fully understood, the heterogeneity of fault properties appears to be important for a comprehensive interpretation of these characteristics. We find that the source zone of SSEs is consistent with an asperity model where small patches of locally high strength are distributed within a broader zone of low strength. We infer that the shear strength over the entire region is significantly less than seismogenic faults because of near-lithostatic pore pressure Rubinstein et al., 2007; Audet et al., 2009; Nadeau and Guilhem, 2009) . The low shear strength also limits the static stress drop. We propose that tremor ruptures the small asperities, whose small size results in fast rupture velocities and short rise times relative to aseismic slip. The strain on the surrounding fault is released by aseismic slip in a less pulselike mode of rupture than do earthquakes. The presence of fluids facilitates low stress drops, and the interaction of the fluids with the fault zone may delay the healing process after the passage of the rupture front but more effectively help to strengthen the fault in the long term.
Data and Resources
All data used in this study came from published sources listed in the references and in Ⓔ Table S1 (available in the electronic supplement to this paper). Slow slip events on the Cascadia subduction zone are calculated by Haiying Gao. Data for earthquakes plotted in Figure 3 are obtained from the Seismology Observatory at University of Michigan.
